Background: Data on the association between subclinical thyroid dysfunction and fractures conflict.
A bout 10% of women and 3% of men older than 60 years have subclinical hypothyroidism (1) (2) (3) , and prevalence increases with age. Subclinical hypothyroidism is defined as elevated thyroid-stimulating hormone (TSH) and normal free thyroxine (FT 4 ) levels (4) . Subclinical hyperthyroidism, defined as decreased TSH and normal FT 4 and triiodothyronine (T 3 ) levels (4) , is less common and affects about 1.5% of women and 1% of men older than 60 years. Subclinical thyroid dysfunction has previously been associated with an increased risk for coronary heart disease and heart failure events (5) (6) (7) .
Thyroid hormones influence the homeostasis and remodeling of bone (8) . Overt hyperthyroidism is a risk factor for fractures (9) . A few observational studies have also found an increased risk for fracture in persons with overt hypothyroidism (10, 11) .
The association between subclinical thyroid dysfunction and fractures remains unclear. A prospective cohort study of 3567 elderly participants found an increased risk for hip fractures in men with endogenous subclinical hyperthyroidism and a similar trend in women, whereas subclinical hypothyroidism was associated with an increased risk for hip fracture in men only (12) . Conversely, a casecohort study of 1526 ambulatory men older than 65 years found no significant relationship between subclinical hyperthyroidism and fractures, but low-normal TSH levels were significantly associated with an increased risk for hip fractures (13) . Other prospective studies (14) did not adjust for common relevant potential confounders between subclinical thyroid dysfunction and fractures, such as age, sex, body mass index, smoking, and corticosteroid use (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Two meta-analyses of postmenopausal women with exogenous subclinical hyperthyroidism due to thyroxine substitution showed a reduction in bone mineral density (BMD), which is a surrogate marker for osteoporosis (25, 26) . To our knowledge, no meta-analysis has been done on the risk for fractures related with subclinical thyroid dysfunction. Therefore, we did a meta-analysis to determine whether subclinical thyroid dysfunction and TSH levels were associated with an increased risk for fractures in prospective cohort studies.
hyperthyroidism, thyroid hormones, thyrotropin, subclinical hyperthyroidism, subclinical hypothyroidism, subclinical dysthyroidism, subclinical thyroid, and fractures or osteoporosis. These headings were combined with the filter designed by British Medical Journal knowledge information specialists to identify randomized, controlled trials; cohorts; and case-control studies without year limitation or exclusion of comments, editorials, meta-analyses, practice guidelines, reviews, letters, journal correspondences, books, conference papers, or animal studies (28). We used a similar procedure in EMBASE. We also searched the bibliographies of key articles in the field and those included in this review, and we contacted authors for unpublished studies.
Study Selection
Similar to our previous study (27) , 2 authors independently screened the abstracts and titles of the search results and retained articles on prospective cohorts studying the association between thyroid dysfunction and osteoporotic fractures. The same reviewers independently assessed the remaining full-text articles for eligibility on the basis of predefined criteria. Any disagreement was resolved by discussion with a third author. Because some prospective studies that measured thyroid function and assessed multiple outcomes may not have reported fracture outcomes in the abstract, we also assessed the full text and tables for reported fracture data in these studies. We included only studies that fulfilled the following a priori-defined criteria: measurement of thyroid function, prospective follow-up of participants, assessment of fracture outcomes, comparison group with euthyroidism, and provision of hazard ratios (HRs) or sufficient data to calculate them. We excluded studies that examined only persons with a history of overt thyroid dysfunction or thyroid cancer.
We considered nonspine, hip, and any fractures, but we excluded spine fractures because vertebral fracture age is difficult to assess without serial radiographs and the accuracy of self-report is poor (29) .
Agreement among reviewers was 97.9% for the first screening of titles and abstracts ( ϭ 0.69) and 100% for full-text screening ( ϭ 1.0).
Data Extraction and Quality Assessment
We used a standardized data abstraction form to extract information about participant characteristics, the criteria used to define subclinical thyroid dysfunction, and fractures. We evaluated study quality using slightly updated criteria (27, 30) , adding inclusion of testing for the assumption of proportional hazards. One physician reviewer extracted data, and another checked data. We assessed key indicators for the quality of the cohort studies ¶ Data available for men and women separately. ** Estimates reported were stratified by sex, so the authors used fixed effects to combine them before conducting the meta-analysis to avoid double counting a study in the random-effects models. † † The FT 4 level was measured if the TSH level was Ͻ0.2 mIU/L or Ͼ4.0 mIU/L, but participants with biochemically overt thyroid dysfunction were not excluded. ‡ ‡ Nested sample of the overall cohort. The authors provided HRs with adjustment for additional confounders, which had not been measured in all women and therefore reduced n. Hip fractures were not included in nonspine fractures. § § Lower levels used only for sensitivity analyses. One hip fracture occurring after a nonspine fracture could not be tracked. ¶ ¶ Crude data to prevent overfitting (only 1 hip fracture). (31, 32) : the population studied (convenience sample vs. population-based, which was defined as a random sample of the general population) and methods of fracture ascertainment and adjudication (considered adequate if done by an expert panel blinded to thyroid status using a clear outcome definition); assessment of the proportional hazard assumption; completeness of follow-up; and adjustment for potential confounders. We defined age, sex, body mass index, smoking, and corticosteroid use (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) as common relevant potential confounders for the relationship between subclinical thyroid dysfunction and fractures based on a literature search considering their prevalence and strength of association with fractures and thyroid dysfunction. We required adjustment for most of these risk factors and lack of violation of the proportional hazard assumption for a study to be rated as higher quality. If an article did not clearly mention one of these criteria, we considered that it had not been done. Two reviewers independently rated all studies for quality, and disagreement was resolved with a third reviewer.
We contacted the authors of all cohorts to request more detailed data on the association between subclinical thyroid dysfunction and fractures. We used the most adjusted HRs and 95% CIs available.
Data Synthesis and Statistical Analysis
We used TSH cutoff levels as reported by each cohort. If not otherwise specified by a cohort, we used a common definition of subclinical thyroid disease based on expert reviews (4, 33) and the definition used in the Cardiovascular Health Study (12, 34) , as done in previous articles (5-7). Subclinical hypothyroidism was defined as a TSH level greater than 4.5 to 20.0 mIU/L and an FT 4 level in the reference range. Subclinical hyperthyroidism was defined as a TSH level less than 0.45 mIU/L and an FT 4 level in the reference range. Euthyroidism was defined as a TSH cutoff level from 0.45 to 4.5 mIU/L. For FT 4 , we used study-specific cutoff levels because these measurements show greater intermethod variation than TSH. Three studies (14, 35, 36) did not include FT 4 in their definition of subclinical thyroid dysfunction. Two of these studies (35, 36) were included in the main analysis of the higherquality studies, but we did a sensitivity analysis excluding studies without FT 4 measurement or with abnormal FT 4 because some participants may have overt thyroid dysfunction. Two of these studies differentiated between low and suppressed TSH levels (14, 35) . We used data from the group with low but not suppressed TSH levels because, according to unpublished data in our previous individualparticipant data analysis (7), about one fourth of persons with a TSH level less than 0.1 mIU/L had overt hyperthyroidism, but only about 5% of those with a TSH level greater than 0.1 mIU/L had overt hyperthyroidism.
We qualitatively synthesized data and assessed which participants were included, the definition of thyroid dysfunction, and which types of fractures were studied. First, for the higher-quality studies, we calculated pooled estimates and 95% CIs of the risk for subclinical hyperthyroidism and hypothyroidism on hip and nonspine fractures using random-effects models based on the Knapp-Hartung approach (37) to account for the uncertainty associated with statistical heterogeneity (tau-square estimation) and the small number of studies included (38) . Second, we assessed overall pooled estimates for all studies using the same approach. Because the Cardiovascular Health Study only reported estimates stratified by sex, we used fixed effects to combine these estimates before pooling them with other cohorts (12) .
To assess heterogeneity among studies, we quantified the Q statistic with a conservative P value of 0.10 (39) and used the I 2 statistic, which describes the total variation across studies attributable to heterogeneity rather than chance (I 2 Ͼ 50%, indicating at least moderate statistical heterogeneity) (40) . To explore sources of heterogeneity, we did several predefined sensitivity analyses from all included studies using random-effects models. We also did analyses stratified by age and sex. Stratified analysis were accompanied by interaction tests based on Z scores, which are defined as the difference in effect estimates between strata divided by the SE of the difference. We used an adjusted rank correlation test to assess for publication bias (41) . However, graphical and statistical methods may not be reliable because of their limited power due to the small number of studies included in our metaanalysis (42) . All analyses were done by using Stata, version 12.1 (StataCorp, College Station, Texas).
Role of the Funding Source
The funding source had no role in defining questions, abstracting data, synthesizing results, or preparing or deciding to submit the manuscript for publication.
RESULTS

Study Selection
Of the 1185 reports initially identified, 1132 were excluded on the basis of their title and abstract because they were unrelated to the association between subclinical thyroid dysfunction and fractures or were not prospective studies with measurement of thyroid hormones (Appendix Figure 1 , available at www.annals.org). After full-text review of the 53 selected articles, we excluded 46 studies that did not meet the inclusion criteria (Appendix Table, available at www.annals.org). Seven studies met all eligibility criteria and were included in the analyses. Table 1 shows the study characteristics of included studies in our meta-analysis and the HRs for the associations between subclinical thyroid dysfunction and hip and nonspine fractures. These 7 studies included 50 245 par- * If an article did not clearly mention one of the quality measures (e.g., formal adjudication procedures, adjudication without knowledge of thyroid status, lost to follow-up, or adjustments made), we considered that it had not been done. † All studies listed were population-based, which was defined as a random sample of the general population. ‡ Defined as having clear criteria for the outcome that was reviewed by experts for each potential case. § The sample was chosen randomly at the baseline clinic visit from the 5994 participants included in the MrOS cohort. Communicated by the investigator. ¶ 214 participants died. ** 3 participants were missing fracture outcomes among those who did not die. † † Tested using logϪlog survival plots. ‡ ‡ Identification of outcomes by review of hospital records. Missing outcome data cannot formally be excluded because fractures treated in other hospitals might be missing. § § Refers to 1 hip fracture occurring after a nonspine fracture that could not be tracked. Assessed by graphical methods (logϪlog graphs) and the Schoenfeld test.
Study Characteristics
ticipants with 1966 hip and 3281 nonspine fractures. Four cohorts included men and women, 2 cohorts included only women, and 1 cohort included only men. Follow-up ranged from 3.7 to 13 years. One cohort included only participants treated with thyroid hormone, and 2 cohorts excluded all treated participants. Most cohorts assessed subclinical hyperthyroidism and hypothyroidism, and 1 cohort assessed only subclinical hyperthyroidism. All studies used a second-or third-generation TSH assay.
Description of Study Quality
The quality of included studies was heterogeneous. All studies were population-based ( Table 2) . Four used a formal adjudication procedure for fracture ascertainment, and 3 reported adjudication of fractures without knowledge of thyroid status. Five cohorts provided information on loss to follow-up, which was 2% or less. All cohorts reported nonviolation of the proportional hazard assumption. Table  2 indicates the confounders that were adjusted for by the different studies by using appropriate multivariate analyses. Five of the studies reported HRs with adjustment for most of the aforementioned common relevant confounders, but 2 studies lacked such adjustment (14, 46) . On the basis of the quality assessment in Table 2 , with the request of the adjustment for most of these confounders and lack of violation of the proportional hazard assumption, 5 studies were rated higher quality and thus were included in the main pooled analysis (12, 13, 35, 36, 44) .
Subclinical Hyperthyroidism and Hip Fractures
All studies found an increased risk for hip fractures associated with subclinical hyperthyroidism, and the Sheffield cohort had a statistically significant increased risk ( Figure, top) (46) . Among the higher-quality studies, 3 studies showed an HR greater than 1.5; the 2 largest studies found a lower HR, although TEARS (Thyroid Epidemiology Audit and Research Study) was not included in the analysis of the higher-quality studies because of inadequate adjustment for common relevant confounders and enrollment of only participants receiving long-term thyroxine medication. In a random-effects model with the 5 higher-quality studies, the pooled HR of subclinical hyperthyroidism and hip fractures was 1.38 (95% CI, 0.92 to 2.07) without evidence of heterogeneity (P for heterogeneity ϭ 0.82; I 2 ϭ 0%) ( Table 3) . Pooling estimates from all 7 included studies yielded similar results ( function, with the potential enrollment of participants with overt thyroid disease, yielded a slightly higher fracture risk. Stratified analyses by sex and age did not show statistical significance for interaction. A sensitivity analysis considering our predefined quality measures showed similar results for inclusion of studies using formal adjudication procedures. Results remained similar after excluding 1 study with a case-cohort design. After excluding a study that lacked FT 4 measurements, included only thyroxinetreated patients, and therefore compared overtreated participants with those in whom euthyroidism was achieved (14) , the HR for hip fractures was 1.43 (CI, 0.99 to 2.06) and the duration of overtreatment was not reported.
Subclinical Hyperthyroidism and Nonspine Fractures
All included studies had a pattern of an increased risk for nonspine fractures associated with subclinical hyperthyroidism, although it was not statistically significant (Figure, bottom) . The pooled HR, including estimates from the 4 higher-quality studies, was 1.20 (CI, 0.83 to 1.72), with weak evidence for statistical heterogeneity (P for heterogeneity ϭ 0.52; I 2 ϭ 0%). Pooling estimates from all studies and sensitivity analyses yielded similar results ( Table 3) to those for the association between subclinical hyperthyroidism and hip fractures.
Subclinical Hypothyroidism and Fractures
Most individual studies showed a statistically nonsignificant pattern of an increased risk for hip fractures associated with subclinical hypothyroidism (Appendix Figure  2 , available at www.annals.org). Pooled HRs from the higher-quality studies were 1.12 (CI, 0.83 to 1.51) for hip fractures and 1.04 (CI, 0.76 to 1.42) for nonspine fractures, both without evidence for heterogeneity across stud- ies (P ϭ 0.69 and 0.88, respectively; I 2 0%) (Appendix Figure 2 and Table 4 ). Pooled estimates from studies with FT 4 measurements, which have excluded possibly enrolled participants with overt hypothyroidism, as well as from studies excluding thyroxine recipients, yielded similar results.
Evaluation of Potential Publication Bias
The rank correlation tests indicated little evidence of publication bias (P Ͼ 0.05) for all associations, although these tests are not sensitive due to the small number of studies (42) .
DISCUSSION
In this meta-analysis of 7 population-based, prospective cohort studies, pooled results from the 5 higher-quality studies indicated that subclinical hyperthyroidism might be associated with an increased risk for hip fractures (HR, 1.38 [CI, 0.92 to 2.07]) and nonspine fractures (HR, 1.20 [CI, 0.83 to 1.72]). When thyroxine recipients were excluded, the HRs for participants with subclinical hyperthyroidism were 2.16 (CI, 0.87 to 5.37) for hip fractures and 1.43 (CI, 0.73 to 2.78) for nonspine fractures. The relationship between subclinical hyperthyroidism and fractures seemed to be stronger among adults with a TSH cutoff level of 0.1 mIU/L or less, which indicated a possible doseresponse relationship; however, CIs were large because only 2 studies provided such data. In subclinical hypothyroidism, the risk for fractures did not seem to be increased among the higher-quality studies.
To our knowledge, our study is the first systematic review and meta-analysis to examine the association between subclinical thyroid dysfunction and fracture risk. Our findings are supported by 2 previous meta-analyses of TSH-suppressive thyroxine therapy (25, 26) , which found that in postmenopausal women, exogenous subclinical hyperthyroidism was significantly associated with a 0.91% annual decrease in bone mass (25) . In addition, interventional studies on endogenous subclinical hyperthyroidism due to nodular goiter showed a 2% annual lower BMD than in postmenopausal women treated with an antithyroid drug or radioiodine (47, 48) . In overt hyperthyroidism, a meta-analysis of 5 cohort or case-control studies showed that the risk for fractures normalized after 1 year of antithyroid therapy (9) . A recent systematic review on the clinical consequences of variations in thyroid hormones within the euthyroid reference range found good evidence for increased fracture risk associated with lower euthyroid TSH levels (49) . Different hypotheses have been made about the mechanisms of the association between subclinical hyperthyroidism and fractures. Subclinical hyperthyroidism has been associated with decreased BMD (25, 26) and may contribute to osteoporosis (50) , which increases vulnerability to fractures (51) . A study showed that thigh muscle strength decreases in subclinical hyperthyroidism and possibly leads to an increased risk for fall-related fractures (52, 53) , although data on a direct association between subclinical hyperthyroidism and falls are lacking. The duration of subclinical hyperthyroidism may also play an important role in fracture development (47, 48, 51) ; however, this is difficult to assess, especially for endogenous subclinical hyperthyroidism (54) . The observed lower risk for fractures when combining patients with exogenous and endogenous subclinical hyperthyroidism may be due to a presumably lower risk for fractures in patients with exogenous subclinical hyperthyroidism who may receive a reduced dosing of thyroid hormones, which limits the duration of the dysfunction. We found no evidence of a risk difference for fractures in women compared with men, despite the fact that women-especially postmenopausal women-have an increased risk for osteoporosis. In Americans aged 80 years, the 10-year probability of a hip fracture was 14% for women and 6% for men (55) . Because all studies but 1 (35) did not have HRs adjusted for BMD, our analysis did not include BMD. When the Study of Osteoporotic Fractures (35) accounted for BMD, results did not substantially change the association between subclinical hyperthyroidism and fractures. However, the extent to which bone mass mediates the adverse effect of low TSH levels on fracture risk remains uncertain.
Prospective data on the association between subclinical hypothyroidism and fractures are scarce, and studies mainly investigate treated patients. A small randomized study showed a 1.3% reduction in lumbar BMD after 48 weeks of thyroxine treatment for subclinical hypothyroidism compared with placebo (56) , and a large registry study in Denmark found an increased fracture risk for participants with overt hypothyroidism up to 4 years after initiation of thyroxine substitution (57) . In our meta-analysis, we did not find an increased risk for fractures among participants with subclinical hypothyroidism. However, insufficient data prevented us from doing a sensitivity analysis to assess fracture risk among participants with subclinical hypothyroidism receiving thyroxine (compared with untreated participants). Overall, we did not find an effect of subclinical hypothyroidism on fractures, but the actual ef- fect of thyroxine therapy on subclinical hypothyroidism cannot be assessed with the present study data.
Our meta-analysis of subclinical thyroid dysfunction and fractures has important strengths. First, by pooling the data of all available studies, we analyzed a total of 1966 hip and 3281 nonspine fractures in more than 50 000 participants, which increased power to detect an association (58) . Second, only population-based prospective studies were included. Third, by contacting all principal investigators or coauthors of these 7 studies, we received additional data that allowed us to derive more uniform subgroup and sensitivity analyses.
Our study also has limitations. First, because it is a meta-analysis of observational studies, results have to be interpreted with caution, and potential biases, confounding, and heterogeneity must be carefully investigated (31, 59 ). The quality of the studies was heterogeneous. Some studies did not adequately adjust for all common potential confounders, which left a risk for residual confounding, and loss to follow-up and missing data were not reported in all studies. To address these limitations, we reported this study according to accepted guidelines for a meta-analysis of observational studies and did sensitivity analyses when appropriate (59) . Furthermore, we excluded studies with major limitations from our main analysis and pooled only the 5 higher-quality studies. Second, selection bias may be present. To reduce this possibility, we used broad inclusion criteria and did sensitivity analyses stratified by design characteristics (59) . Third, selective reporting cannot be excluded because tests and graphical assessment for publication bias are not sensitive enough owing to the small number of studies included in our meta-analysis (42) . Fourth, our analysis included only European or U.S. cohorts, which limits the generalizability to other settings. Fifth, 6 of the 7 studies measured thyroid function at baseline only. Abnormal TSH levels can spontaneously normalize in 20% to 40% of persons after a mean follow-up of 2 to 4 years (60, 61), which may have decreased the potential associations. Sixth, only 4 of the 7 cohorts included the FT 4 level and no study included the T 3 level in its definition of subclinical thyroid disease. However, excluding studies (14, 35, 36) in a sensitivity analysis that did not include the FT 4 level yielded similar results with slightly higher point estimates. Finally, we conducted analyses stratified by age and sex using aggregate data at study level, but we might have missed a significant relationship because of ecological bias (62) .
What are the clinical and research implications of these findings? Recent guidelines recommend treatment of subclinical hyperthyroidism in all persons older than 65 years (63), and our findings of a possibly increased fracture risk associated with subclinical hyperthyroidism are consistent with these guidelines, although there are no studies in which treatment resulted in a reduced fracture risk. Given the high prevalence of both osteoporosis and subclinical thyroid dysfunction in our aging populations, our findings may have public health implications. However, because this is a meta-analysis of observational studies, we cannot rule out that our findings are due to reasons other than subclinical thyroid dysfunction. A meta-analysis of individual-participant data that does not have potential aggregation bias could provide more insight through uniform TSH cutoff levels, standardized adjustment for potential confounding factors, and a thorough analysis of subgroups. To prove causality, large randomized, controlled trials are necessary to assess the efficacy of normalizing TSH levels in subclinical thyroid dysfunction associated with fracture risk (64) . For subclinical hyperthyroidism, its low prevalence and the requirement for long follow-up make such trials a challenge. But for subclinical hypothyroidism, the ongoing TRUST (Thyroid Hormone Replacement for Subclinical Hypothyroidism) trial (ClinicalTrials.gov: NCT01660126) will clarify this issue (65) .
In summary, our systematic review indicates that subclinical hyperthyroidism might be associated with an increased risk for hip and nonspine fractures, but additional large, high-quality studies are needed.
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